Quantifying crustal deformation is important for evaluating mass balance, material transfer, and the interplay between tectonism and magmatism in continental arcs. We present a dataset of >650 finite strain analyses compiled from published works and our own studies with associated structural, geochronologic, and geobarometric information in central and southern Sierra Nevada, California, to quantify the arc crust deformation. Our results show that Mesozoic tectonism results in 65% arcperpendicular bulk crust shortening under a more or less plane strain condition. Mesozoic arc magmatism replaced~80% of this actively deforming arc crust with plutons requiring significantly greater crustal thickening. We suggest that by~85 Ma, the arc crust thickness was~80 km with a 30-km-thick arc root, resulting in a~5 km elevation. Most tectonic shortening and magma emplacement must be accommodated by downward displacements of crustal materials into growing crustal roots at the estimated downward transfer rate of 2e13 km/Myr. The downward transfer of crustal materials must occur in active magma channels, or in "escape channels" in between solidified plutons that decrease in size with time and depth resulting in an increase in the intensity of constrictional strain with depth. We argue that both tectonism and magmatism control the thickness of the crust and surface elevation with slight modification by surface erosion. The downward transported crustal materials initially fertilize the MASH zone thus enhancing to the generation of additional magmas. As the crustal root grows it may potentially pinch out and cool the mantle wedge and thus cause reduction of arc magmatism.
Introduction
Quantitative mass balances in continental margin arcs, during orogeny, mountain building, magma emplacement, growth of deep crustal roots, and lower crustal delamination have been difficult to calculate for four main reasons: 1) the addition of large volumes of magma either overprints or entirely removes large volumes of preexisting crust, thus removing significant geologic evidence about host rock displacements; (2) lower crustal sections of continental arcs are rarely exposed; (3) the strong deformation and metamorphism present in these environments masks evidence of displacements, and (4) widespread markers of finite strain and/or regional displacements are needed and not always available in these settings. However there remains a strong motivation to collect such data in order to address a series of interrelated questions: (1) Can we better quantify both strain and bulk shortening in continental arcs to clarify their role in mountain building, development of crustal roots, and delamination? (2) How is local space made for the emplacement of plutons? (3) Can we better constrain crustal thickening through time and thus determine to what degree tectonic processes are linked to the "tempos" of non-steady state magmatism (e.g., Ducea, 2001; DeCelles et al., 2009; Paterson and Ducea, 2015) ?
Over the past 40 years a number of studies have completed extensive dating of both plutonic and metamorphic rocks and collected strain data in or near the Sierra Nevada batholith of California (e.g. Tobisch et al., 1977; Paterson et al., 1989; Saleeby, 1990; Busby-Spera and Saleeby, 1990; Tobisch et al., 1995; Mundil et al., 2004; Schweickert and Lahren, 2006; Saleeby et al., 2008; Memeti et al., 2010; Barth et al., 2012; Chapman et al., 2012; Paterson et al., 2014; Cao et al., 2015) . Over the past 10 years, we have renewed these efforts by continuing modern U/Pb dating of both plutonic and metavolcanic units, plus detrital zircon dating of metasedimentary units, measuring strains in a wide variety of rock types, and integrating our structural studies to estimate a temporal history of bulk shortening throughout the Mesozoic. Below, after introducing Sierran geology, we present an integration of over 650 finite strain analyses across the central and southern Sierra Nevada with our recent structural and geochronologic data to quantify the strain and mass balances.
Geological background

Sierra Nevada arc
The Sierra Nevada in California (Fig. 1A) represents a long-lived (~170 million years) Mesozoic continental arc formed by subduction between Farallon and North American plates. The plutonic part of the arc is referred to as the Sierra Nevada Batholith, a collective term for mainly intermediate plutons of Mesozoic age (Fig. 1B) . Episodic magmatism in the Sierra Nevada arc is well documented, and three magmatic flare-ups bounded by four magmatic lulls are recognized (Ducea, 2001; DeCelles et al., 2009; Paterson and Ducea, 2015) .
Host rock pendants representing the Mesozoic volcanic and sedimentary carapace of the Sierra Nevada arc are locally preserved. In the central Sierra Nevada (36.5 N to 38.5 N) , strain data have been collected and compiled from nine stratigraphically related but spatially disconnected pendants ( Fig. 1C ): Piute Meadow, Saddlebag Lake, Ritter Range, Jackass Lake, Iron Mountain, Mountain Morrison, Mountain Goddard, Oak Creek and Boyden Cave. Lithology of these strata is mainly andesitic to rhyodactic, clastic volcanic rocks with local, intra-arc sedimentary rocks. (e.g. Brook, 1977; Tobisch and Fiske, 1982; Greene and Schweickert, 1995; Tobisch et al., 2000; Sharp et al., 2000; Schweickert and Lahren, 2006) . The paleo-depths at which these host rock pendants are preserved range from 2 to 4 kbar, approximately 7e14 km (3.64 km/kbar, assume density 2.75 g/cm 3 ) (Anderson et al., 2008; Paterson et al., 2014; Nadin and Saleeby, 2008; Chapman et al., 2012) . In the southern Sierra Nevada (36 N to~35.8 N), deeper levels of the arc are progressively exposed southwards to~10 kbar (Pickett and Saleeby, 1993; Saleeby et al., 2003; Nadin and Saleeby, 2008; Chapman et al., 2012) . Extreme transposition and migmatization are pervasive in pendant rocks at >7 kbar levels, thereby inhibiting strain measurements. Strain data have been collected from two host rock pendants, Lake Isabella and Piute Lookout (Fig. 1B) . Both of these pendants underwent peak metamorphism and deformational conditions during ca. 100e90 Ma magmatism, Lake Isabella at~4 kbar conditions (Dixon, 1995; Ague and Brimhall, 1988a; Saleeby, unpubl.) and Piute Lookout at~7 kbar conditions .
These host rock pendants in the central and southern Sierra Nevada had experienced multiple phases of deformation during the Mesozoic. Field evidence of arc-perpendicular shortening, and vertical stretching are found in many host rock pendants. This regional strain pattern is responsible for the NW-striking, steeply dipping bedding, regional foliation, and steeply plunging lineation (e.g. Tobisch and Fiske, 1982; Sharp et al., 2000; Saleeby et al., 2003; Schweickert and Lahren, 2006) (Fig. 2) . The tilted bedding and metamorphic foliation and lineation are formed timetransgressively during the Mesozoic (Tobisch and Fiske, 1982; , 2015) . SW-or NW-vergent thrusts and strike-slip faults (e.g. Lahren and Schweickert, 1995; Tobisch et al., 2000; Schweickert and Lahren, 2006; Cao et al., 2015) also developed during the Mesozoic. Dextral transpressional shear zones (e.g. Sierra Crest Shear Zone) developed in the Late Cretaceous as the subduction between Farallon and North America plates become more oblique (e.g. Greene and Schweickert, 1995; Tikoff and Saint-Blanquat, 1997; Nadin and Saleeby, 2008) . Host rock pendants also underwent sub-greenschist to amphibolite facies regional metamorphism and local contact metamorphism in pluton aureoles Barton and Hanson, 1989; Hanson et al., 1993; Albertz, 2006) .
Western Metamorphic Belt
The Western Metamorphic Belt (WMB, Fig. 1C ) is a belt of metamorphic rocks along the western edge of the Sierra Nevada. The WMB consists of terranes accreted to the western margin of the North American continent and/or formed along the continental margin and infolded with North American derived marine sediments (Clark, 1964; Edelman and Sharp, 1989; Schweickert et al., 1999; Snow and Scherer, 2006) . Terrane accretion began in the Permo-Triassic and ceased by Middle or Late Jurassic (e.g. Snow and Scherer, 2006; Dickinson, 2008; Saleeby, 2011) . The accretion resulted in a major boundary, Permo-Triassic Foothills suture, separating displaced continental passive margin fragments from accreted terranes and several intra-arc thrust faults, the Late Jurassic Melones fault and Bear Mountain fault separating different tectonic regimes (Fig. 1C, e .g. Clark, 1964; Schweickert et al., 1977; Miller and Paterson, 1991; Saleeby and Dunne, 2015) . In this paper, the WMB in the central Sierra is divided into the Foothills and Eastern Belts (Fig. 1C) .
Description of datasets
Sample locations
Strain data are mainly collected from host rocks across the central Sierra Nevada with a small subset collected in the southern Sierra Nevada. Boxes in Fig. 1B and c show the area where strain data were collected. Compiled strain data and references of data source are provided in the Supporting Materials.
Methods of finite strain measurement
The strain measurements compiled in this paper have been obtained by a number of different people using several different methods (e.g., Tobisch et al., 1977 Tobisch et al., , 2000 Longiaru, 1987; Paterson et al., 1989; Albertz, 2006; Horseman et al., 2008) . A great majority of the strains were determined from clastic objects that can be approximated by ellipsoidal shapes (e.g., pebbles in conglomerates, lithic fragments and pumice lapilli in volcanics, sand grains in sandstones). These were analyzed using one of the following two approaches:
1. When logistically feasible, oriented samples with clastic objects were collected and brought back to the lab. Three perpendicular surfaces either parallel to principal planes or arbitrary (Paterson et al., 1989) were cut in each sample and then labeled with sample coordinate axes. In each 2D surface the orientation of the long axis of clasts relative to the sample coordinates axes and the long axis/short axis ratio of least 25e50 objects per surface were measured (by hand in older studies and digitally from images of the surface in recent studies). R f /f techniques (e.g., Shimamoto and Ikeda, 1976; Lisle, 1979 Lisle, , 1985 were used to determine the shape and orientation of 2D ellipses for each surface and then combined into a single 3D ellipsoid (Shimamoto and Ikeda, 1976; Miller and Oertel, 1979) . The orientations of 3D ellipsoids were reoriented to true geographic orientations using the sample orientation data. Given sufficient sample sizes, precision errors are in the range of 5e10% (see Miller and Oertel, 1979 for error estimates). 2. When not feasible to collect oriented samples, surfaces axial ratios and orientations of clastic objects were obtained on principal planes. Since each two principal planes share one axis of strain, a 3D ellipsoid (X ! Y ! Z) can be determined by setting Z ¼ 1 and determining the ratios of X/Z and Y/Z from the 2D averages (Ramsay, 1967; Lisle, 1977; Paterson, 1983) . Strain ellipsoid orientations for these field determinations are assumed to be parallel to the cleavage (XeY plane) and mineral or clast lineation (X-axis). Precision errors using this approach were in the range of 5e20% when fitting 2D surfaces to 3D results.
The above approaches assume constant volume strain at the scale of individual clasts. In most cases we see little evidence of large volume changes (e.g., fibers in pressure shadows or dissolution of clasts), thus supporting the above assumption. These approaches also ignore the existence of any primary fabrics in samples, which may be present if clasts were even weakly aligned during deposition and burial. Lisle (1979) , Paterson et al. (1989) and Paterson and Yu (1993) discuss approaches for correcting final strains for the presence of primary fabrics. Note that many primary fabric ellipsoids have small axial ratios . Since these corrections are only available for some of the data discussed in this paper, we only use and compare uncorrected data. Finally R f / f techniques assume that there is no difference in the viscosity of clasts and matrix and thus clast strain equals bulk strain of the rock. Any effect of viscosity differences decrease as the percent of clasts in samples increase and as the sample becomes clast supported (i.e., at around >50% clasts). The existence of viscosity contrasts can be evaluated by examining whether the cleavage is deflected around clasts or passes undeflected through them. Most samples in this study show little evidence of significant viscosity contrasts. Strains in slate and phyllite samples from the WMB were determined by Paterson et al. (1989) using the March method (March, 1932; Oertel, 1983) . Precision errors are in the range of 5e10%. These samples record different strains than nearby (at cm to m scale) samples measured by R f /f techniques and are interpreted to include a component of flattening strain formed during burial and dewatering (Oertel, 1983; Paterson et al., 1989 .
A very few of the strains presented in this paper were determined using the Fry method (Crespi, 1986; Erslav, 1988) . In this method 3 perpendicular cuts are made in oriented samples and for each face the distance and direction between centers of objects are measured and used to construct an "all-objects-separation" plot. The inner cut-off of plotted points is used to determine the ratio and orientation of 2D ellipses. These ellipses are combined into a 3D ellipsoid using both Shimamoto and Ikeda (1976) and Miller and Oertel (1979) techniques. Precision errors for Fry data are in the range of 5e20% depending on the number of objects used (see Crespi, 1986 for error estimates).
Geochronologic data
Numerous studies have determined absolute ages of plutons and host rocks in the central Sierra Nevada (e.g. Bateman and Chappell, 1979; Busby-Spera and Saleeby, 1990; Schweickert and Lahren, 1993; Tobisch et al., 1995; Schweickert and Lahren, 2006; Saleeby et al., 2008; Memeti et al., 2010; Chapman et al., 2012; Barth et al., 2012; Paterson et al., 2014; Cao et al., 2015) . We compiled these ages and integrated them with the strain data when available. We focused on U/Pb zircon ages of plutons and volcanics or interpreted ages of deposition for sedimentary units based on youngest age peaks of detrital zircons. For host rocks without dated absolute ages, we assign approximate ages based on stratigraphic correlations. Mesozoic rock ages are binned into age groups (see Section 4.4). While the majority of rock ages in our dataset are Mesozoic, a few Paleozoic ages were included from continental margin tectonic slices now residing in the Sierra Nevada.
Geobarometric data
The Aluminum-in-hornblende barometer (Johnson and Rutherford, 1989; Schmidt, 1992; Holland and Blundy, 1994; Anderson and Smith, 1995) was used to determine emplacement pressure/depth of plutons in the central Sierra Nevada (e.g. Ague and Brimhall, 1988a, 1988b; Ague and Brandon, 1992; Pickett and Saleeby, 1993; Ague, 1997; Saleeby et al., 2003 Saleeby et al., , 2008 Nadin and Saleeby, 2008; Anderson et al., 2008; Chapman et al., 2012; Paterson et al., 2014) . We compiled the geobarometric data and integrated them with the strain data when available and used the emplacement pressure of nearby intruding plutons as the maximum paleo-depth of host rocks. Paleo-depths are then binned into different groups (see Section 4.5). The rocks of shallower paleo-depth (1e3 kbars) are from the central Sierra Nevada whereas rocks of deeper paleo-depth (4e7 kbars) are from the southern Sierra Nevada.
Characteristics of finite strain in Mesozoic Sierra Nevada
Orientations of metamorphic foliation and lineation in central Sierra Nevada
Metamorphic foliation and lineation are well developed in the WMB and host rock pendants in the central Sierra Nevada. Foliation type varies from slaty cleavage to schistosity to mylonitic in ductile shear zones. Mineral lineations are defined by aligned stretched clasts, pebbles, and mineral grains. Fig. 3 shows the metamorphic foliation and lineation from the WMB and several host rock pendants in the central Sierra Nevada. The measurements are from both Paleozoic and Mesozoic rocks but the great majority are from Mesozoic rocks. The cylindrical best fits are calculated (Allmendinger et al., 2012; Cardozo and Allmendinger, 2013) . Regional foliations in most of the areas dip steeply and strike NW to NNW parallel to the trend of the arc. The foliation best fits only vary within 17 between most areas except in the Iron Mountain and Jackass Lake areas, where the foliation best fits strike slightly more northerly. Lineations in all areas are steeply plunging (plunge > 70 ). We interpret the foliations and lineations to approximate the XeY planes and X-axes of finite strain ellipsoids (X, Y, Z are the longest, intermediate, and shortest axes of a strain ellipsoid, respectively). Comparisons of calculated XeY planes and X-axes of strain from samples analyzed in the lab support this assumption (e.g., Paterson et al., 1989) . The consistent orientations of regional foliation and lineation across the central Sierra Nevada suggest a more or less co-axial arc-perpendicular ductile shortening during Late Paleozoic and Mesozoic, or approximate the shear plane orientations of arc-parallel shear zones and thus the XeY plane of high shear related strains, which is consistent with observations from many other researchers (e.g. Tobisch and Fiske, 1982; Greene and Schweickert, 1995; Sharp et al., 2000; Tobisch et al., 2000; Albertz, 2006; Horsman et al., 2008; Cao et al., 2015) .
General patterns of finite strain in Mesozoic Sierra Nevada
We plotted 612 strain measurements with age constraints on a Hsu diagram (Hsu, 1966; Hossack, 1967) (Fig. 4) . Most measurements plot at a strain magnitude less than 1.8 with a few, typically in shear zones, ranging up to 3.4. Lode's ratios (Lode, 1926) are quite variable with most between À0.75 and 1. Triassic and Jurassic rocks show slightly higher magnitudes with very few (4 points) > 3.0. All Cretaceous rocks show magnitudes less than~2.1. The data are slightly concentrated in the flattening region (g > 0) but show an overall symmetrical distribution.
We also plotted strain measurements in the space of X-and Zextension percent (Fig. 5) . The central bold red curve (Y ¼ 0) represents the relationship between X-and Z-extension under plane strain. The thin curves on either side of the central bold curve show the relation between X-and Z-extension if volume loss and/or Yextension occurred during deformation. Fig. 5 shows that the majority of data clustering about the red curves with X-direction extension ranging from <5% to about 500%. Most data cluster in the space defined by 25%e150% X-direction extension, 20%e70% Z-direction shortening, and between Y ¼ 0% and Y ¼ 20% extension curves. Average Z-direction shortening is 49.4% with a standard deviation of 16.7%. Since the volume change has not been determined by strain measurements in the present study, the deviation of points plotted off the central "plane strain" curve in Fig. 5 is interpreted as the results of length change along the Y-direction. In reality, both length change along the Y-direction and volume change can cause the deviation from the plane strain. Most of the measurements from slate fall in the flattening field on the diagram, which is interpreted as recording primary compaction during burial and dewatering (Pfiffner and Ramsay, 1982; . This is consistent with the observation in slates that cleavage is commonly parallel to bedding. If we correct for this early compaction, the resulting tectonic strains shift upwards and approach the central "plane strain" curve (Paterson et al., 1989) .
In summary, Fig. 5 suggests that although Sierran strain measurements have a wide range of X-and Z-direction length change, most points are within the Y ¼ 0 ± 20% range suggesting roughly plane strain at the arc scale. Since the Y-Z plane parallels regional NW-striking foliation and X-direction parallels lineation (Figure 3 ), Figure 5 suggests the finite ductile strain in these pendant rocks is 50% arc-parallel shortening,~100% vertical thickening and limited arc-parallel length and/or volume change.
Strain vs. rock types
To investigate the relationship between strain and rock type in the central Sierra Nevada, we plot strain data from 9 major rock types (pebbly mudstone, sandstone, conglomerate, slate/phyllite, andesite, rhyolite/dacite, tuff/lapilli stone, volcanic breccia, and unclassified volcanics) on Hsu diagrams (Fig. 6) . The strain plot of pebbly mudstone (Fig. 6A) shows strain magnitude below 1.8 and variable strain shape. Sandstone (Fig. 6B) shows a concentrated distribution in strain magnitude less than 1.2 and variable strain shape. Conglomerate (Fig. 6C) shows two groups: one with strain magnitudes less then 1.8 and with slightly more flattening shape, the second with higher strain magnitudes higher than 2.1 and constrictional strain shape. The strain measurements in the first and second groups are from conglomerates in the central and southern Sierra Nevada, respectively. Slate and phyllite (Fig. 6D ) cluster in the flattening regime, probably due to compaction during sedimentation and lithification or volume loss during plane strain (Hus, 1966; Hossack, 1967) of all 612 data with age constraints. Yellow part is the zoomed area shown in plot (B). Hus plots are made using the program developed by Mookerjee and Nickleach (2011) . Points are color-coded by rock ages. Lode's ratio is calculated based on Lode (1926) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) deformation (Ramsay and Wood, 1973; Pfiffner and Ramsay, 1982) . Andesite (Fig. 6E) shows strain magnitudes 1.5 based on 12 data points. Rhyolite and dacite (Fig. 6F) , and tuff-lapilli stone (Fig. 6G) show slightly concentrated distribution along the Lode's ratio ¼ 0 line suggesting that these rocks are deformed close to "plane strain". Volcanic breccia (Fig. 6H) shows higher strain magnitudes with many points above 1.8, plotting slightly in the flattening regime. Fig. 6I shows volcanic rocks that are not classified into composition groups. Strain magnitudes of these volcanic rocks are mostly below 2.1 and are slightly more distributed in the flattening regimes.
In summary, Fig. 6 shows that rock type affects strain magnitude and strain shape but not significantly. Strain magnitude is typically less than 1.8. Strain shape is generally evenly distributed in constrictional and flattening regions but for some rock types (slate and phyllite, volcanics unclassified), flattening, presumably due to compaction during lithification, is more common.
Strain vs. rock ages
To investigate the relationship between strain and rock age in the central Sierra Nevada, we plot the strain magnitude and Lode's ratio against rock ages (Fig. 7) .
Notice the age of a rock is only an upper limit of the age of deformation but can still be used to bin data into different lengths of time.
Strain magnitudes (Fig. 7A) of Triassic, Jurassic, and Cretaceous rocks are fairly scattered but the overall trend is a slight decrease in strain magnitude with younging. The trend of decreasing strain magnitude with younging can be seen both from the distribution of individual data and the trend of averaged magnitudes. Triassic rocks of 220e230 Ma ages have strain magnitude average between 1.0 and 1.5 while Jurassic rocks fluctuate around 1.0. Early Cretaceous rocks (145e100 Ma) show strain magnitude average no more than 1.0. Average strain magnitude of Late Cretaceous rocks (100e80 Ma) show a wider spread ranging from 0.6 to 1.7. The trend confirms that older rocks are on average more deformed although local exceptions occur for Late Cretaceous rocks. Fig. 7B also shows a scattered pattern but the averages of Lode's ratio slightly increases from Triassic to Jurassic. Since most slate and phyllite are Jurassic, the Jurassic Lode's ratios are likely to be affected by the flattening during compaction and lithification.
Strain vs. paleo-depths
To investigate the relationship between strain and rock ages in the central Sierra Nevada, we plot the strain magnitude and Lode's ratio against the paleo-depths of rocks (Fig. 8) . The paleo-depths of host rocks are represented by the paleo-depth of plutons intruding the host rocks. Thus the paleo-depths of host rocks do not give full information about the change in a rock's vertical position through time: A rock may be displaced vertically prior or subsequent to the locking in at the emplacement depth. We report paleo-depths as pressure in units of kilobar (kbar). A conversion constant of 3.64 km/kbar can be used to transform pressure to depth. Fig. 8A shows that the average strain magnitude generally increases from 0.7 at 1 kbar to 1.2 at 3 kbars except the lower magnitude (εz 1.0) of rocks at 2.5 kbars. Strain magnitude average increases to 2.3 and 2.4 of the rocks at 4 kbars and 7 kbars, respectively. Fig. 8B shows that the average Lode's ratio has the highest value at 1 kbar (g z 0.38) and drops to g z 0.2 for rocks at 1.5e3 kbars. The average Lode's ratio then sharply decreases to À0.3 and À0.65 at 4 kbars and 7 kbars, respectively. The overall pattern of Lode's ratio suggests rocks at 1e3 kbars have more plane to flattened shapes while the rocks at deeper paleo-depths typically become more constrictional. These data sets ( Fig. 8A and B ) also suggest that there is a general negative correlation between strain magnitude and Lode's ratio as the paleo-depth increases. At shallower depth, strain magnitude averages are small (ε< 1.5) and Lode's ratio averages are positive (g>0). Strain magnitude average increases to greater values and Lode's ratio average decreases to negative values at greater depth indicating that rocks at deeper paleo-depths are associated with higher strain magnitude and more constrictional strain shape.
Strain near pluton margins
One challenge in studying finite strain in continental arcs is to differentiate strain caused by regional tectonism from strain caused Fig. 7 . Strain magnitude (ε) and Lode's ratio (g) plotted against rock age. Averages of strain magnitudes and Lode's ratios of rocks of the same/similar ages are plotted as filled circles. Red bars show 2 standard deviations. Individual measurements are plotted as empty squares. The arrows show the interpreted trends. Strain magnitude deceases from Triassic rocks to Early Cretaceous rocks and it spreads in Late Cretaceous rocks (100e80 Ma). Lode's ratio slightly increases from Triassic rocks to Early Cretaceous rocks and its range spreads in Late Cretaceous rocks (100e80 Ma). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 8 . Strain magnitude (ε) and Lode's ratio (g) plotted against paleo-depth of rock (paleo-depth is expressed in the unit of kilobar, kbar). Averages of strain magnitudes and Lode's ratios of rocks of same paleo-depths are plotted as filled circles. Red bars show 2s errors. Individual measurements are plotted as empty squares. The arrows show the interpreted trends. Strain magnitude generally increases from 1 kbar to 3 kbars then sharply increases at 4 kbars. Lode's ratio has the highest value at 1 kbar and decreases to about 0.2 at 1.5e3 kbars then sharply decrease to À0.65 at 7 kbars. Notice that the uncertainty associated with barometry data is usually about ± 1 kbar.
by pluton emplacement. A pluton potentially generates a localized structural aureole in which strain in the host rocks is higher than strain outside the aureole (e.g., Paterson and Vernon, 1995) . In order to constrain strain related to pluton emplacement, we compiled Lode's ratios, strain magnitudes, and Z-shortening in host rock against the distance from the nearest contact of the Cretaceous Tuolumne Intrusive Complex in the central Sierra Nevada (Fig. 9) . Locations of transects are shown in Fig. 1C .
As shown in the plot of Lode's ratio vs. distance from pluton contact (Fig. 9A) , there is no clear correlation between strain shape and distance to the contact: Strain can be flattening (g > 0), or constrictional (g < 0), or close to plane strain (g z 0) at any distance. Maximum strain magnitudes (Fig. 9B ) and Z-shortening (Fig. 9C) suggest that higher strain in host rocks only locally occur within <200 m distance from the Tuolumne Intrusive Complex. Furthermore, pluton aureole strain can be evaluated by examining the deflection of host rock markers (e.g., bedding, contacts, and preemplacement dikes, faults and foliations) as pluton margins are approached. We have used this approach while mapping a number of pluton aureoles throughout the central Sierra and find that zones of increased strain near the margin are rare and only locally developed and large sections of the pluton margin are quite discordant to host rock bedding and foliations indicating little to no strain increase towards the pluton margin. Such observations suggests that even for a pluton of a fairly large size as the Tuolumne Intrusive Complex, higher host rock strain may be absent or quite localized within a few hundred meters from the contact.
Rate estimation of downward transport of host rocks
Downward transfer of host rocks is proposed by some researchers to solve the "space problem" during pluton emplacement (e.g. Saleeby, 1990; Tobisch et al., 2000; Paterson and Farris, 2008) . The evidence supporting downward transport of host rocks includes the subvertical host rock stretching lineation and magmatic lineation in plutons Paterson and Farris, 2008; Cao et al., 2015 ; this study), stoped blocks in plutons, and pluton rim and roof synclines and monoclines in adjacent host rocks (e.g. Paterson and Vernon, 1995; Paterson and Farris, 2008) . Plutons intruding older volcanic rocks or sedimentary rocks (Fig. 2D, H) suggest that these supracrustal materials must be transported downwards to emplacement levels, which range from 2 to 3 kbars in the central Sierra Nevada to 9e10 kbars in the southern Sierra Nevada (Saleeby, 1990; Chapman et al., 2012) .
With the geobarometry and geochronology data sets, we are able to estimate the minimum rate of downward transport of host rocks (mm/yr or km/Myr). The transported distance can be calculated using the emplacement pressure of pluton and the time interval is the age difference between host rocks and intruding pluton. Fig. 10 shows the estimated minimum rates in different host rock pendants: most of them show rates of 2e13 mm/yr with faster rates found in the Cinko Lake, Jackass Lake and Eagle Peak areas, where upper crust plutons (~3 kbars) intrude slightly older (<1 Ma) volcanic rocks suggesting a absolute rate of >10 mm/yr. The calculated absolute rates are the minimum values since supracrustal materials can stay at surface until a pluton intruded later. This might be the case for some apparent slower rates found in Ritter Range, Green Lake and Saddlebag Lake areas.
Discussion
Possible first-order mechanisms contributing to finite bulk arc strain
Before we establish a comprehensive model of first-order mechanisms of strain, we will first examine two end member models and their resulting strain implications (Fig. 11) . Model A (Fig. 11-A1) shows a crust only strained by homogenous, constant volume tectonic shortening and thickening with no magmatism. Above the brittleeductile transition, crustal shortening occurs by brittle thrust faults, tilting of bedding, and duplex structures. Below the brittleeductile transition, crustal shortening occurs by regional ductile strain and localized ductile shears, which also rotate bedding. Since the deformation is constant volume, plane strain, shortening will be balanced by crustal thickening. Development of LS-fabrics are predicted below the brittleeductile transition under plane strain condition. (Sullivan, 2013) . If some Y-direction length change or volume loss occurs, strain shape will deviate away from plane strain and become slightly flattening (Fig. 11-A2) . In a homogenous crust, strain shape and magnitude should be the same throughout the crustal column and plot as a horizontal line in the strain shape vs. depth (Fig. 11-A2 ) and strain magnitude vs. depth plots (Fig. 11-A3 ).
Model B (Fig. 11-B1 ) shows a crustal column being intruded by pulses of ascending magma but with no tectonic deformation. During magma ascent and trapping (e.g., emplacement) structural aureoles remain small or non-existent. Little to no evidence of regional lateral displacement of host rock units exists. This leaves the likelihood that complex processes within laterally growing plutonic bodies and narrow aureoles drive vertical displacements. Regional stress fields generated during emplacement of magmas may also drive host rock tilting and vertical displacements. As the arc matures the volume of plutonic rocks increases and a greater amount of magma are preferentially trapped at increasing depths (Saleeby, 1990; Paterson and Ducea, 2015) . The magmas begin life as low viscosity bodies (with dike, sheet, diapir, or irregular shapes) but over the short timescales of crystallization become high strength objects that are mechanically part of the host rock. Several processes deserve consideration. First there is a clear mass balance issue: as plutons emplace, an equal volume of host rock must be displaced to make the room. Structural and strain patterns require vertical motion either in or immediately next to the magma columns or in volumetrically decreasing "host rock channels" between solidified plutons (Fig. 11-B1 ). In the Sierran arc greater than 80% of original host rock is now displaced requiring almost doubling of the crustal thickness. Second, strain within host rocks will increase in intensity and will become more constructional with depth as host rock is displaced downwards through increasingly narrow channels (Fig. 11-B2, B3 ). Host rocks are forced to "escape" vertically, through these "escape channels" either within magma columns or bounded by solidified plutonic bodies. The downward escape of host rock is potentially complicated by dragging forces, up or downwards within narrow, discontinuous aureoles. Similar shear forces along the magma-host rock contact had been proposed to contribute to host rock bedding rotation and constrictional strain of host rocks in pluton aureoles (Paterson and Farris, 2008) .
We propose that together Model A and B depict many but not all aspects of the deformation and observed strain patterns in the Sierra Nevada. The LS-fabrics (Fig. 3) in host rock pendant in central Sierra Nevada as well as strain plots (Figs. 4 and 5) suggest that plane strain dominates the deformation in shallower arc crust. Minor Y-extension and/or volume loss may shift the strain toward to a slightly more flattening strain regime. Such strain patterns can be explained by Model A. The increase of strain and more constrictional strain with depth can only be explained by the increasing number of plutons and magma with depth as predicted in Model B. Combining Model A and B, Model C (Fig. 11-C1 ) shows a crust undergoing simultaneous tectonism and magmatism. In this model, combined tectonic and magmatic stresses result in complex horizontal shortening and vertical thickening that must accommodate both tectonic and magma addition mass balance Fig. 10 . Plot shows the minimum downward transport rates of host rocks in the southern and central Sierra. The horizontal axis is the age difference in million years between the host rocks and intruding plutons. The vertical axis is the emplacement depth in kilobar (kbar) of the hosting plutons determined by Aluminum-inHornblende barometry. The background color shows the absolute downward transport rates. The rate varies from 2 to 13 km/Myr for most of the data. Location is given near the data points, which are color-coded by the age of plutons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) requirements. Magmatic bodies may be internally strained and have their shapes influenced by tectonism. Solidified plutons will act as a "plutonic framework". As the crust is tectonically shortened, the distances between plutons may decrease resulting a more constrictional strain in host rocks with depth. We propose Model C could depict the observed strain patterns in both shallower and deeper parts of crust (Fig. 11-C2, C3 ). Fig. 12 shows crustal column of Sierra Nevada arc with increasing strain magnitude and constrictional shapes with depth based on Model C. The limited increase in Mesozoic surface elevations and upper crustal exhumation (discussed in next section) requires major downwards transfer of host rocks to balance the crustal shortening and emplacement of plutons. The downward transported host rocks may spread laterally during growth of large orogenic roots resulting in the vertical constructional strains evolving to plane to flattening strains in the lower crust (Fig. 12) . And as descending host rocks enter the MASH zone (Hildreh and Moorbath, 1988) , they may be disaggregated, partly assimilated and recycled into new ascending magma batches (e.g. Zellmer and Annen, 2008) .
The goal of our models (Figs. 11 and 12 ) is to give a first-order approximation of processes that need evaluation as crust is strained during magmatism and tectonism. We recognize that more complicated processes occur during arc deformation including structures that broke through the Mesozoic Sierran arc, such as regional strike-slip faults, ductile shear zones, and lowangle normal faults (e.g. Lahren and Schweickert, 1989; Kistler, 1990; Saleeby and Busby, 1993; Nadin and Saleeby, 2008; Chapman et al., 2015; Saleeby and Dunne, 2015) . Since most strike slip faults trend~parallel to the arc, they may shuffle units parallel to the arc but not significantly affect the overall shortening and thickening. Dip slip faults/shears are less common but at times may play a greater role in arc deformation and strain that deserves greater attention in future studies. These structures will also aid in the overall arc shortening/thickening and tilt of units discussed in this paper and may add localized concentrated increments of strain to the arc crust. When possible such strain increments are included in the finite bulk arc strain. The model shown in Fig. 12 of course is not a prefect explanation for arc strain. We do not fully understand some observed strain patterns. For example, the spread of the average strain magnitude and Lode's ratio in Late Cretaceous rocks (mainly volcanic rocks of 100e80 Ma in age) (Fig. 7A and B) . We suspect such temporally restricted strain variations might be a consequence of volumetrically large addition of magma in the Late Cretaceous leading to a rheologically very heterogeneous crust.
The finite bulk arc strain, mass balance and crustal thickening
Above we concluded that the ductile strain in the WMB and Sierran host rock pendants resulted in about 50% arc-perpendicular Fig. 11 . Three proposed models for ductile straining mechanisms. Model A is homogenous tectonic thickening only. Model B only has the magmatism. Model C combines tectonism and magmatism. A1, B1, and C1 show the cartoon illustrating the corresponding models. A2, B2, and C2 show predicted trends of Lode's ratio (g), or strain shape, changing with depth. A3, B3, and C3 show predicted trends of strain magnitude (ε) changing with depth. See text for full discussion. BDT ¼ Brittle-ductile transition.
shortening in a more or less plane strain style. In the field, at the paleo-depths of 5e10 km, different packages of ductilely deformed rocks are commonly separated by Mesozoic NE-or SW-vergent thrust faults Schweickert and Lahren, 2006; Cao et al., 2015) , which have been subsequently rotated with bedding to a sub-vertical orientation. To estimate the bulk deformation in host rocks, other deformation mechanisms need to be evaluated as well. Tobisch et al. (2000) proposed that thrust-related duplex structures can rotate the bedding to 45 at maximum, which correspond to about 30% shortening along horizontal direction . Since both ductile and brittle strain suggest the same NEeSW shortening kinematics, we combine 50% ductile shortening with 30% shortening caused by thrust-related duplex, for a finite shortening strain is about 65% shortening (1À[1e0.5 [1e0.3] ¼ 0.65).
To estimate the finite bulk arc strain and crustal thickening, in addition to the host rocks, one has to take the plutons into account. Sierran plutons record multiple strain events caused by both internal magma flow and external tectonic shortening (Paterson et al., 1998; Zak et al., 2007) The tectonic strain in plutons are represented by the~NW-striking magmatic-subsolidus foliation and subvertical lineation (e.g. Zak et al., 2007; Cao et al., 2015) . Strain in plutons is difficult to retrieve quantitatively due to the lack of strain markers. In a few cases, strain can be estimated using the folded veins/dikes within the plutons. Our estimates of averaged tectonic strains in plutons range from 0 to 30% shortening with a common average around 10% shortening (e.g., Paterson et al., 2014) . Others have suggested that pluton shapes may reflect tectonic strains (e.g. Weinberg et al., 2004) . Some plutons in central Sierra Nevada have more or less circular shapes whereas others have length/width ratios of up to 3/1. However neither show internal tectonic fabrics that are more intense than discussed above. Nor do they show evidence at their NW or SE "ends" of expansion in either the plutons or host rocks. Thus we suspect that plutons haven't been significantly strained by regional shortening. Even so for our first-order calculations below, we assume the plutons have been totally shortened~20% of which the fabrics record about half.
In an active continental arc, the thickening of crust is caused by (1) tectonic thickening compensating the tectonic shortening and (2) magmatic intrusion (e.g. Allmendinger et al., 1997; Karlstrom et al., 2014; Lee et al., 2015) . To calculate the final crustal thickness, a Matlab script (see Supporting Materials) is written to explore the simultaneous incremental addition of magmatism and incremental regional strain to a crust. For the Sierra Nevada, we assume an initial crust thickness of~25 km when the arc started (~250 Ma) and that the pluton fraction in the crust is about 0.8 bỹ 85 Ma. The calculation also assumes 20% shortening in plutons and 20% volume loss/Y-direction extension of host rocks into account. Fig. 13 shows the final crustal thickness in a parameter space of host rock strain (ε H ) and pluton fraction (b) for a given initial crustal thickness of 25 km. When ε H ¼ À0.65 and b ¼ 0.8, the final crustal thickness is~97 km. Next, we consider how erosion and exhumation modifies the crustal thickness.
In the central Sierra Nevada, Al-in-Hornblende barometer on Mesozoic plutons establishes that Triassic plutons in the eastern Sierra emplaced at~3.2 kbars are juxtaposed by Late Cretaceous Fig. 11 . An arc crustal column is shown with tectonic shortening, ascending magma bodies, and crystallized plutons. Above the brittleeductile transition, thrusts, duplex structures and as well as other host rock drop-down processes (e.g. stoping, ridge bedding rotation) accommodate the tectonic shortening strain and transport supracrustal materials downwards. The majority part of the arc crust below the brittleeductile transition is deformed in the ductile fashion. Host rocks are forced to transport downward through escape channels. Strain magnitude increases and strain become more constrictional towards depth. The downward transported host rocks may enter the MASH zone at lower crust at about 70 km, where host rocks might be desegregated and assimilated. The thickness of the crust shown here is based on the discussion in Section 5.2.
(~86 Ma) plutons at~2 kbars, suggesting a Mesozoic exhumation < 5 km . In the WMB, Triassic volcanics and Jurassic marine sediments are exposed at the surface and show lower to upper greenschist grades of metamorphism. In addition, Late Jurassic plutons in the WMB (e.g., the Guadalupe Igneous Complex) intruded these sedimentary rocks at shallow levels corresponding to 1e2 kbars (Haeussler and Paterson, 1993; Putirka et al., 2014) and are intruded by Late Cretaceous plutons with slightly higher Al-in-hornblende pressures of~3 kbars (Ague and Brimhall, 1988a; Haeussler and Paterson, 1993) , which suggests that large exhumation did not occur in the WMB early in the Mesozoic and if anything depths increased in the Cretaceous, the latter consistent with Cretaceous crustal thickening.
In the southern Sierra, Early Triassic plutons emplaced at 10e15 km depth are intruded by Middle Jurassic and Late Cretaceous plutons emplaced at 5e6 km depth Saleeby and Dunne, 2015) , suggesting that mid-crustal exhumation from Early Triassic to Late Cretaceous in southern Sierra is~10 km. Exhumation in the southern Sierra along the Kaweak River based on barometry in plutons indicates an average 0.5 mm/ yr exhumation between~100 Ma and 85 Ma although the western and eastern parts of the southern Sierras have different exhumation rates (Saleeby and Sousa, personal communication) .
In summary, the by~85 Ma, the exhumation of southern Sierra is larger (~10 km) than the exhumation in the central Sierra (<5 km). However, the exhumation based on barometry only gives a minimum value of rocks eroded (Fig. 14) . The correction of exhumation with respect of crustal thickening should be made. In this paper, for a first-order approximation, we use a more generous range of 10e20 km for the amount of removed crust during Mesozoic thickening of the Sierra Nevada. Since we earlier estimated that crustal thickness is~97 km at 85 Ma, surface erosion will reduce the Late Cretaceous crustal thickness to~77e87 km.
5.3. Implications on downward transfer of host rocks, paleoelevation and arc behaviors
As we discussed in the previous sections, downward transfer of host rocks satisfy the strain patterns observed and helps both the tectonically driven thickening and root development and the "space problem" during magma ascent and emplacement (e.g. Saleeby, 1990; Paterson and Farris, 2008; Anderson et al., 2010; Chapman et al., 2014) . The downward transfer of host rocks is required to make the mass balance in the arc crust: about~50-kmthick materials have to be transported downwards to accommodate the thickened crust if the initial crust thickness is 25 km. The minimum rates of such processes are shown in Fig. 10 . In a 10 Myr interval, 20e130 km of downward transport of host rock material is feasible given these rates. Although this is a rough estimate, it shows that materials can be displaced downward by tens-ofkilometers during the duration of a magmatic flare event, making enough space for emplacement of voluminous magma.
Downward transport of host rocks can potentially play a role in regulating Sierran magmatism and arc tempos: It transports supracrustal materials downward, fertilizing the MASH in the lower crust and upper mantle in addition to crustal inputs from the fore-arc, retro-arc and downgoing plate (e.g. Kay et al., 2005; Ducea, 2001; DeCelles et al., 2009; Hacker et al., 2011; Chapman et al., 2013 Chapman et al., , 2014 . d
18 O and ε Nd results suggest that crustal sources have contributed up to 50% of Sierran magmatic sources (Ducea and Barton, 2007) . The isotopic data cannot constrain the exact source of supracrustal materials, but leaves open the possibility that intra-arc downward transfer of host rocks is one likely source. Crustal thickening not only introduces greater crustal components to the arc magma source regime, but it also places greater vertical intervals of the source regime in both the plagioclase out and garnet in stability fields favoring the accumulation of an eclogitic residue along the base of the crust . The foundering of such high-density arc roots into asthenospheric mantle may further introduce supracrustal materials (e.g. crustal isotopic signatures) into the mantle and contribute to the geochemical heterogeneity of the mantle.
The estimated 77 to 87 km-thick crust at~85 Ma will build a high elevation in the Sierra Nevada as a result of isostasy. Elevation (h) is a function of crustal thickness (H) and arc root thickness (R) if crust is isostastically balanced (Eq. (3), modified from Lee et al., 2015) :
h 0 is the initial elevation and H 0 is the initial crustal thickness. r c , r m , and r r are the densities of crust, asthenospheric mantel and arc root, respectively. Note that 1 À r c r m > 0 while 1 À r r r m < 0, which means that thickened crust will positively contribute to the elevation while the arc root will reduce the elevation. Fig. 15 shows the how the elevation changes with crustal thickness (H) and arc root thickness (R) assuming h 0 ¼ 0 and H 0 ¼ 25 km. If the arc root is 30 km thick, the elevation of Sierra Nevada at~85 Ma will be 4.5e5.7 km, close to the Puna-Altiplano plateau of central Andes (4e5 km, Allmendinger et al., 1997) . The thickened crust also influences the asthenospheric mantle wedge and magma production. Fig. 16 shows a subduction zone before and after magmatism and deformation. Before magmatism and deformation started (Fig. 16A) , the crust is 25 km thick and mantle flow is not impeded. After magmatism and deformation started (Fig. 16B) , the crust is thickened to~80 km with a 30-kmthick arc root. Mantle flow will be impeded and as a result, arc magmatism will potentially migrate inboard (Karlstrom et al., 2014) . Chin et al. (2012 Chin et al. ( , 2015 also suggested that such thickened crust also cools down the mantle wedge causing the reduction of the production of new magmas. The impeded mantel flow, lithospheric mantle cooling effect, and the slab flattening that started 90e85 Ma (Saleeby, 2003) in Sierra Nevada may eventually cool and thus reduce magma generation in the Sierra Nevada area and cause the eastward migration of magmatism.
Conclusions
A compiled dataset of >650 finite strain analyses from central and southern Sierra Nevada, California are used to help quantify the arc crust deformation in Sierra Nevada. Our results show that the overall Mesozoic tectonism results in 65% arc-perpendicular bulk crust shortening under a more or less plane strain condition with ductile strain recording about 50% shortening. The tectonism leads to at least >100% crustal thickening. Since Mesozoic magmatism replaced~80% of the crust, this mass balance exchange drove additional thickening. We estimated that the arc crust has been significantly thickened to~80 km by~85 Ma due to the combined effects of tectonism and magmatism. A 30-km-thick arc root was generated and surface elevation of~5 km at this same time. Using constraints on exhumation, most crustal materials must be transported downwards to accommodate the crustal thickening at estimated rates of 2e13 km/Myr. The downward transfer of crustal materials must occur in locations of active magma channels, or in 3)). For the estimated crustal thickness range of Sierra Nevada at 80 Ma (~80 km), the elevation will be 4.5e5.7 km if the arc root is 30 km. The area between horizontal dashed lines is the elevation range of Puna-Altiplano plateau of the central Andes (4e5 km, Allmendinger et al., 1997) . This calculation assumes the crust density r c ¼ 2.9 g/cm 3 , mantle density r m ¼ 3.3 g/cm 3
, and arc root density r r ¼ 3.5 g/cm 3 based on Lee et al. (2015) . This calculation also assumes that 0 km elevation when the crust is 25 km thick.
"escape channels" in between solidified plutons that decrease in size with time and depth resulting in an increase in the intensity of constrictional strain with depth. The crustal thickness and surface elevation are thus controlled by both tectonism and magmatism but are slightly modify the surface erosion. On the one hand, the downward transported crustal materials may fertilize the MASH zone thus enhancing the generation of additional magmas. However, as the crustal root grows it may potentially pinch out and cool the mantle wedge and thus cause reduction of arc magmatism. ) is the geometry of the arc system after magmatism and deformation and it may apply to the Sierra Nevada arc at~85 Ma. Crust is thickened (H') to~80 km and elevation (h') is~5 km. The total thickness of crust and arc root extending into mantle wedge is~80 km. Mantle flow is impeded. The thickened crust could also cool down the mantle wedge. The impeded mantle flows, cooling effect, and the slab flattening are likely to contribute to the migration of magmatism.
